The regulation of phosphatidylcholine (PtdCho) hydrolysis by Ca2+ and protein kinase C (PKC) was measured in [3H]palmitatelabelled cultured guinea-pig airway smooth-muscle cells as phosphatidylbutanol ([3H]PtdBut) and phosphatidate ([3H]PtdOH) formation in the presence of butanol. The former is a direct measure of phospholipase D (PLD) activity, whereas the latter, in airway smooth muscle, is indicative of net PtdChospecific phospholipase C (PLC)-like/diacylglycerol (DG) kinase activity. Bradykinin-stimulated responses exhibited a requirement for extracellular Ca2+ influx, since they were inhibited in the presence of EGTA. This influx was independent of voltageoperated channels, since the L-type channel blocker nifedipine (up to 10 ,M) was without effect on bradykinin-stimulated responses. In support of this, membrane depolarization with KCI (30 mM) failed to elicit either response. However, bradykininstimulated formation of both [3H]PtdBut and [3H]PtdOH was partially inhibited by 100,uM SKF96365. lonomycin, a Ca2+ ionophore, induced PtdCho hydrolysis to a greater extent than bradykinin, also in an extracellular-Ca2+-dependent manner. Thapsigargin-induced emptying of intracellular Ca2+ pools elicited the formation of both [3H]PtdBut and [3H]PtdOH and displayed a requirement for extracellular Ca2+. Bradykininstimulated PtdCho-specific PLC-like/DG kinase pathway and PLD responses were unaffected by thapsigargin pretreatment, thereby questioning the role of Ins(1,4,5)P3/Ins(1,3,4,5)P4-dependent Ca2+ stores in the receptor stimulation of these activities in airway smooth-muscle cells. In this regard, we have previously demonstrated that the bradykinin-stimulated PtdCho-specific PLD and PLC-like activities can occur under conditions of apparent complete blockade of bradykinin-stimulated Ins(1,4,5)P3 formation by receptor antagonist in guinea-pig airway smooth muscle. The PKC inhibitor, Ro3l-8220, selectively blocked both bradykinin-and ionomycin-stimulated PLD activity in a concentration-dependent manner (IC50 approx. 1 ,tM), but was without effect on bradykinin-stimulated PtdCho-PLClike/DG kinase-derived PtdOH formation. In contrast, an inhibitor of PtdCho-PLC, D609, selectively blocked the formation of [3H]PtdOH in the presence of butanol (PtdCho-PLC-like/DG kinase activity), but not [3H]PtdBut formation. In conclusion, PtdCho hydrolysis appears to occur via two distinguishable routes which both require extracellular Ca2 , whereas only the PLD route is regulated by PKC.
INTRODUCTION
Agonist-stimulated phosphatidylcholine (PtdCho) hydrolysis can occur via both phospholipase D (PLD) and phospholipase C (PLC) routes [1] . Activation of PLD may involve an ADPribosylation factor, ARF, which has been identified as the cytosolic factor required for guanosine 5'-[y-thio]triphosphate (GTP [S] )-stimulated PLD activation in vitro [2, 3] . In addition, PtdCho hydrolysis may involve the elevation of intracellular Ca2+, the influx of extracellular Ca2+ and the activation of protein kinase C (PKC) and tyrosine kinases [1, 4] .
We have previously shown that bradykinin-stimulated PLD activity is dependent on both Ca2+ and PKC in cultured guinea pig airway smooth-muscle cells [5] . However, bradykininstimulated Ptdlns(4,5)P2 hydrolysis in airway smooth muscle, mediated by B2-bradykinin receptors [6] [7] [8] [9] , does not appear to account for these signals, since activation of PLD and PtdCho-PLC-like activities persists in the presence of B2-bradykininreceptor antagonists [6, 10] . This occurs at concentrations which apparently abolish Ins(1,4,5)P3 formation [6] and block the translocation of PKCa to the membrane [11] . Thus an atypical B2-bradykinin receptor (B3 receptor), which also mediates Ca2+ efflux [12] , may activate PtdCho hydrolysis in guinea-pig airway smooth muscle [6, 10] .
Agonist-induced elevation of intracellular Ca2+ in airway smooth muscle is derived from both intracellular stores and the extracellular matrix. Multiple intracellular stores, which can be selectively accessed by Ins(1,4,5)P3, caffeine, ryanodine and GTP [S] , have been identified in permeabilized airway smoothmuscle cells [13] . Ins (1, 4, 5) P3 itself has also been proposed to be compartmentalized in this tissue [14] . Thapsigargin has been shown to be a selective inhibitor of microsomal Ca2+ pumps [15] and is able to elevate intracellular Ca2l by inhibiting re-uptake into Ins(1,4,5)P3-sensitive and -insensitive stores. In contrast, ionomycin, a Ca2+ ionophore, has been proposed to release Ca2+ from intracellular stores which are refilled by extracellular Ca2+ in ECV304 cells [16] . Influx of extracellular Ca2+ may also occur through voltage-operated channels [17] , which are principally of the L-type and involved in the initiation of contraction in smooth-muscle cells [18] , and also by receptor-operated channels, which can be regulated by second-messenger-dependent mechanisms [19, 20] . In this study, we aimed to assess the role of intracellular and extracellular Ca2+ and PKC in the bradykinin-and ionomycinstimulated PtdCho hydrolysis. We have previously shown that PtdCho hydrolysis occurs through both PLD and PLC-like routes [10] . For 
Cell culture
The preparation of cultured guinea-pig airway smooth-muscle cells was performed as described previously [5, 6] . The cells were maintained in Dulbecco's modified Eagle's medium containing 10% (v/v) fetal-calf serum and 10% (v/v) horse serum and were routinely passaged twice, by using trypsin, before the experiment. Cells were grown to confluence on 24-well plates and used within 14-21 days after the initial isolation.
[ 24 h. This procedure has previously been shown to result in the preferential incorporation of radioactivity into PtdCho, which contains 82 % of the total lipid-associated radioactivity, in comparison with only 6 % associated with Ptdlns, phosphatidylethanolamine and phosphatidylserine combined [5] .
PLD activity was determined by using a transphosphatidylation assay as described by us previously [5] . Briefly Table 1 ). The ionomycin-stimulated PLD response was substantially greater in magnitude than that induced by bradykinin (8.99 + 1.07-fold increase above basal; means + S.D., combined data from 6 separate experiments), whereas ionomycinstimulated [3H]PtdOH formation was not significantly different from the bradykinin response (1.84+0.53-fold increase above basal; means + S.D., combined data from 6 separate experiments). As for bradykinin, the effects of ionomycin were largely abolished in the absence of extracellular Ca2+ (Table 1) . lonomycin was ineffective at stimulating Ins(1,4,5)P3 formation (results not shown).
Since ionomycin elicited a larger PLD response than did [3H]PtdOH (Table 2) , confirming the lack of involvement of VOC-accessed Ca2+ in the regulation of PtdCho hydrolysis. SKF96365 has been reported to inhibit store-regulated Ca2+ entry [23] . Pretreatment of airway smooth-muscle cells with SKF96365 (0.1-10 #M, 10 (Table 3b) . However, such treatment had little or no effect on basal levels of [3H]PtdOH, presumably due to the ability ofthis compound to be metabolized. This chronic thapsigargin pretreatment failed to affect the ability of bradykinin to activate PtdCho hydrolysis (Table 3b) . 
Differential regulation of [3H]PtdBut and [3H]PtdOH formation
Ro31-8220, a derivative of staurosporine, is a potent and highly selective inhibitor of PKC [24] . Pretreatment of airway smoothmuscle cells with Ro31-8220 resulted in the concentrationdependent inhibition of bradykinin-stimulated PLD activity (Figure 3a ; IC50 (Figure 3a) . Similarly, ionomycin-stimulated PLD activity, but not PLClike/DG kinase-derived [3H]PtdOH formation, was inhibited in a concentration-dependent manner by (Figure 3b ; Further support of this proposal is evident from our studies demonstrating that B2-bradykinin-receptor antagonists fail to inhibit bradykinin-stimulated PtdCho-specific phospholipase responses under conditions where Ins(1,4,5)P3 formation is abolished [6, 10] . The apparent complete blockade of Ins(1,4,5)P3 formation occurs with an antagonist concentration of 10,c6M, which has also been shown, in bovine airway smooth muscle, to abolish bradykinin-stimulated Ca2+ release from Ins(1,4,5)P3-sensitive stores [8] . In addition, B2-bradykinin-receptor antagonists have been shown to block bradykinin-stimulated Ca2+ efflux in guinea-pig airway smooth muscle, which supports a role for an alternative route of Ca2+ entry [12] .
A novel receptor-activated Ca2+-specific influx pathway has been observed for histamine in airway smooth muscle [26] . Histamine elicits a substantial Ca2+ influx that appears to be dependent on the holding potential, i.e. depolarization actually inhibits Ca2+ entry, whereas hyperpolarization enhances it. A similar mechanism of Ca2+ entry may account for the bradykininstimulated activation of PtdCho hydrolysis observed in the present study. The lack of effect of nifedipine on bradykininstimulated PtdCho-specific PLD suggests that L-type Ca2+ channels are not involved, although these can not be entirely excluded for the PLC-like/DG kinase route ofPtdOH formation. Alternatively; bradykinin may activate the phospholipases.via a Ca2+-dependent mechanism that involves Ca2+ entry through a receptor-operated Ca2+ channel. The latter would require invoking a model which includes a compartmentalized pool of PLD/PLC-like activities that is accessible to extracellular Ca2+, but not to Ins(1,4,5)P3-sensitive Ca2+ stores.
lonomycin-stimulated PtdCho hydrolysis by PLD and PLClike/DG kinase routes was also dependent on extracellular Ca2 . lonomycin has been shown to trigger emptying of intracellular Ca2+ stores, a process that may stimulate its refilling by extracellular Ca2+ and which, in ECV304 endothelial cells, is blocked by SKF96365 [16] .
The role of PKC Bradykinin-stimulated PtdCho hydrolysis exhibited a requirement for PKC, whereas the PLC-like/DG kinase route of [3H]PtdOH formation did not. Similarly, ionomycin, which was a more effective agent, stimulated PLD activity in a PKCdependent manner. The latter may suggest that Ca2+ acts upstream ofPKC in the activation ofPLD. It is perhaps noteworthy that, under these conditions, the sensitivity of the inhibition of PLD activity by Ro31-8220 is similar to that of bradykinin. Furthermore, ionomycin does not apparently activate Ptdlns(4,5)P2 hydrolysis, and therefore further supports the proposal that PKC-dependent stimulation of PLD is not downstream of this phospholipid pathway.
Furthermore, the ability of D609 to inhibit selectively the PLC-like/DG kinase activity suggests that this is not a requirement for PLD activation. In this regard, the rapidity of PLD activation may indicate that the relevant PKC isoform is already localized in the plasma membrane. Indeed, this appears to be the case for the C and e isoforms, which are present in membranes prepared from unstimulated airway smooth muscle cells (results not shown), the latter of which has been implicated in the regulation of PLD in mesangial cells [27] .
In conclusion, these studies support the notion that bradykinin is capable of activating an ion channel, which elicits specific Ca2+ influx, in airway smooth-muscle cells, and this regulates both PtdCho-specific PLD and net PLC/DG kinase activities, the former of which requires a PKC-dependent component.
